INTRODUCTION
Ubiquitylation is a key regulatory process that influences the stability of many cellular proteins, and thereby has an impact on multiple cellular processes [1, 2] , including the control of gene expression, proliferation and viability [3] . Jun family proteins are transcriptional regulators of numerous genes that control multiple homoeostatic functions, and the stability of c-Jun is modulated in part by ubiquitin-mediated degradation [4] [5] [6] . c-Jun is a component of the dimeric transcription factor AP-1 (activator protein 1), which consists of Jun family protein (c-Jun, JunB and JunD) homodimers or Jun heterodimers, that include Fos (c-Fos, FosB, Fra-1 and Fra-2), ATF (activating transcription factor) or Maf family proteins [4] . Extensive study of c-Jun function has revealed that it is a key regulator of gene expression that regulates cell proliferation and survival [4, 5, 7] . c-Jun ubiquitylation-associated degradation is mediated by at least four distinct E3 ligases, including SCF (Skp1/cullin/F-box) ligase complexes (SCFFbw7), the HECT (homologous with E6-associated protein C-terminus) domain-containing ligase AIP4/Itch, and the RING domain-containing ligases hCOP1 and MEKK1 [MAPK (mitogen-activated protein kinase)/ERK (extracellular-signal-regulated kinase) kinase kinase 1] [8] [9] [10] [11] . The mechanisms that govern how ubiquitylation complexes specifically interact with Jun proteins are largely unknown.
Protein ubiquitylation is accomplished through the coordinated action of three distinct proteins: a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2) and a ubiquitin ligase (E3) [12] . E3 ligases consist of proteins that encode either a HECT or a RING domain [12] . RING ubiquitin ligases promote target protein ubiquitylation by binding to both the E2-ubiquitin complex and to the substrate molecule, thereby facilitating transfer of the ubiquitin from the E2 to the substrate [12] . Ubiquitin ligases are far more abundant than either E1 or E2 proteins, and thus substrate specificity is believed to be encoded within individual RING ligases [12, 13] . In contrast, the control of the substrate specificity of CRLs (cullen RING ligases) has been shown to reside apart from the actual RING domaincontaining protein, within distinct protein components called substrate receptors [14] . Whether this separation of ubiquitin ligase activity from substrate-binding specificity is a feature of RING domain-containing proteins other than CRLs has not yet been determined.
MEKK1 is a MAP3K (MAPK kinase kinase) that phosphorylates and activates the dual specificity kinase MKK4 (MAPK kinase 4), which in turn phosphorylates the MAPK JNK (c-Jun N-terminal kinase) [15, 16] . Active JNK phosphorylates c-Jun at multiple sites, thereby enhancing Jun transcriptional activity. MEKK1 is the only MAP3K known to exhibit ubiquitin ligase activity [17] . The MEKK1 E3 activity is contained within its RING domain (amino acids 438-490) which is one of two putative zinc-binding domains encoded within the N-terminal half of the protein [17, 18] . Immediately N-terminal to the MEKK1 RING domain is a second predicted zinc finger-like sequence (amino acids 298-388) that contains a CXCX 5 CXH (where X is any amino acid) motif conforming to a SWIM (SWI2/SNF2 and MuDR) domain [18] . SWIM domain-containing proteins have been identified in organisms as diverse as archaea and mammals [18] , but the function of this domain is currently unclear. In the present study, we identify the MEKK1 SWIM region as a c-Jun-binding domain that functions as a novel ubiquitylation substrate receptor with c-Jun specificity. As we demonstrate that the MEKK1 SWIM domain is necessary and sufficient for Jun association, our results from the present study strongly suggest that the SWIM domain provides ubiquitylation target specificity in a manner similar to that of the CRLs.
EXPERIMENTAL

Antibodies and reagents
The antibodies specific against MEKK1 and AP-1 proteins were purchased from Santa Cruz Biotechnology. Monoclonal M2 and polyclonal anti-FLAG antibodies were purchased from Sigma, and anti-HA (haemagglutinin; 12CA5) antibody was purchased from Roche Applied Science. Polyclonal anti-phospho-MKK4 and anti-phospho-c-Jun antibodies were purchased from Cell Signaling Technology. Alexa Fluor ® -conjugated secondary antibodies were purchased from Invitrogen. PAR [4-(2-pyridylazo) resorcinol] and MG132 were purchased from Sigma.
Plasmid vectors
The full-length cDNAs encoding wild-type murine MEKK1 and mutant MEKK1 (4A-SWIM and SWIM-deleted) were cloned into pCDNA 3.1/myc-His (Invitrogen). The fragments of MEKK1, ZSWIM1 and ZSWIM2 (ZSWIM is zinc finger SWIM-type containing) used to create GST (glutathione transferase)-fusion proteins were produced by PCR and cloned into pGEX-5X-3 (GE Life Science). cDNAs encoding murine Jun and Fos, as well as Jun DBD (DNA-binding domain) mutants R260I, S270A, M263E and A258R, and Jun truncation mutants, were produced by PCR and cloned into pcDNA3/FLAG, which was a gift from Dr Scott Weed (Mary Babb Randolph Cancer Center, West Virginia University, Morgantown, WV, U.S.A.). ZSWIM1 cDNA was purchased from OpenBiosystems, and MEX/ ZSWIM2 cDNA was a gift from Professor Gabriel Nunez (Department of Pathology and Comprehensive Cancer Center, University of Michigan Medical School, Ann Arbor, MI, U.S.A.).
Cell culture and transfection
The development of fibroblast lines from MEKK1 − / − mice has been described previously [19] . Mouse embryo fibroblasts were isolated from E14.5 (embryonic day 14.5) embryos and were immortalized by continuous passage for 3 months. The MEKK1 add-back fibroblasts were created by stable transfection of immortalized MEKK1
− / − fibroblasts using a full-length mouse MEKK1 cDNA, or mutant MEKK1 (C441A, 4A-SWIM) in pCDNA3.1. HEK (human embryonic kidney)-293T cells were purchased from A.T.C.C. Cells were cultured in DMEM (Dulbecco's modified Eagle's medium) (Invitrogen) containing penicillin/streptomycin (1 %; Gibco), and 10 % (v/v) fetal bovine serum (Atlanta Biologicals) at 37
• C in a humidified atmosphere. All transfections were conducted using Lipofectamine TM Plus (Invitrogen) as per the manufacturer's recommendations.
Immunofluorescence
HEK-293T cells stably expressing MEKK1-GFP (green fluorescent protein) were seeded on to glass coverslips. Cells were fixed in methanol-free 4 % (w/v) formaldehyde in PBS for 15 min. Following three PBS washes, the cells were permeabilized for 5 min with 0.1 % Triton X-100 in PBS. After washing, the cells were blocked in 5 % (v/v) goat serum/PBS for 1 h at room temperature (23
• C), then incubated with anti-c-Jun antibodies in the blocking solution overnight at 4 • C. After three washes, the coverslips were incubated with Alexa Fluor ® 594-conjugated anti-mouse antibodies (Invitrogen) and DAPI (4 ,6-diamidino-2-phenylindole) (Molecular Probes) in blocking solution for 1 h at room temperature. Following washing, cells were mounted in 75 % (v/v) glycerol and 25 % (v/v) PBS/1 M Tris, pH 7.5.
Immunoprecipitation and immunoblotting
Where indicated, cells were treated with 20 μM MG132 for 5 h in complete medium prior to lysis. Cells were lysed in ice-cold lysis buffer (50 mM Hepes, pH 7.25, 1 % Nonidet P40, 150 mM NaCl, 2 mM EDTA, 50 μM ZnCl 2 , 50 μM NaH 2 PO 4 , 50 μM NaF, 1 mM PMSF and 1 mM sodium orthovanadate). Lysates were cleared by centrifugation at 13 000 g for 10 min at 4
• C and post-nuclear detergent cell lysates were collected. Equal amounts of each lysate were then incubated with the appropriate antibody for 2 h at 4
• C. Protein A-conjugated agarose beads were then added to the lysates and mixed for 1 h. The beads were washed three times, then resuspended in sample buffer [125 mM Tris/HCl, pH 6.8, 20 % (v/v) glycerol, 4.6 % (w/v) SDS, 0.1 % Bromophenol Blue and 10 % (v/v) 2-mercaptoethanol]. Proteins were separated by SDS/PAGE and transferred on to Protran nitrocellulose membranes (Whatman). Membranes were blocked in 5 % (w/v) non-fat dried skimmed milk powder diluted in TBST (20 mM Tris, 137 mM NaCl and 0.1 % Tween-20, adjusted to pH 7.6) and incubated with the appropriate antibody at 4
• C overnight. HRP (horseradish peroxidase)-Protein A or HRP-sheep anti-mouse IgG was used as the secondary reagent. After extensive washing, the targeted proteins were detected by ECL (enhanced chemiluminescence). Where indicated, blots were stripped by treatment with 2 % (w/v) SDS and 100 mM 2-mercaptoethanol in TBS, and then re-probed with the desired antibodies and detected by ECL. To assess protein ubiquitylation, the cells were lysed in the presence of 2 % (w/v) SDS and boiled for 10 min at 95 • C. Lysates were then diluted 15-fold with lysis buffer prior to immunoprecipitation.
Purification of recombinant c-Jun, GST-tagged proteins and GST pull-downs
The GST-fusion proteins were coupled to glutathione-Sepharose 4B beads (GE Healthcare) and washed extensively in ice-cold PBS. Total cell lysates were prepared from HEK-293T cells transiently transfected with FLAG-tagged full-length Jun or Fos proteins, or truncated Jun proteins. GST-fusion protein-bead complexes were incubated with 500 μg of HEK-293T cell lysate at 4
• C for 2 h. The beads were washed three times with lysis buffer, boiled in sample buffer and separated by SDS/PAGE for immunoblot analysis. Recombinant Jun was produced by transforming cJun-pMAL-c5e into BL21 DE3 Escherichia coli cells. The culture was grown to D 600 ≈0.4 and expression of MBP (maltose-binding protein)-cJun was induced with 0.3 mM IPTG (isopropyl β-D-thiogalactopyranoside). MBP-cJun was purified on amylose (New England Biolabs) according to the manufacturer's instructions and cleaved with enterokinase (New England Biolabs) to remove the MBP tag. Jun was purified from the remaining enterokinase and MBP using Soybean Trypsin Inhibitor agarose (Sigma) or amylose resin.
Extraction of nuclear proteins
Nuclear proteins were extracted as described previously [20] . Briefly, cells were washed in PBS, collected in homogenization buffer (10 mM Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.1 mM EGTA and 0.5 mM dithiothreitol) using a cell scraper, and the membranes were disrupted by passage through a 25-gauge needle. Nuclei were collected by centrifugation (0.2 g for 2 min at 4 • C), washed twice with homogenization buffer, and resuspended in 50 μl of extraction buffer (10 mM Hepes, pH 7.90, 0.4 M NaCl, 1.5 mM MgCl 2 , 0.1 mM EGTA and 0.5 mM dithiothreitol), shaken at 4
• C for 15 min, centrifuged (17 g for 15 min at 4 • C), and the supernatant was harvested for immunoblot analysis. The protease inhibitors leupeptin (10 mM) and pepstatin A (10 mM) were included in both the homogenization and extraction buffers.
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] cell viability assay
Cell viability was assessed by MTT (Sigma) dye conversion at 570 nm as described previously [21] . Briefly, cells were seeded in 96-well plates (flat bottom, 5000 cells/well). At each time point, 25 μl of MTT (5 mg/ml in PBS) was added to each well. After a 2 h incubation at 37
• C, cells were lysed by addition of 100 μl of 20 % (w/v) SDS in 50 % (v/v) dimethylformamide, pH 4.7.
MEKK1 kinase assay
Total protein (500 μg) from transfected HEK-293T cell lysates was brought to a volume of 350 μl with lysis buffer and rotated end-over-end at 4
• C with 30 μl of Ni-NTA (Ni 2 + -nitrilotriacetate) beads (PharMingen). After the 2-4 h incubation, the beads were washed twice in lysis buffer and once in kinase buffer (20 mM Hepes, pH 7.5, 10 mM MgCl 2 and 5 mM p-nitrophenyl phosphate). The beads were then incubated for 20 min at 30
• C in 50 μl of kinase buffer supplemented with 1 μg of purified MKK4. The mixture was separated by SDS/PAGE, transferred on to nitrocellulose membranes and then immunoblotted with anti-phospho-MKK4 antibodies.
Zinc-binding assay
This method was adapted from the procedure described by Hunt et al. [22] . Briefly, ZnCl 2 was dissolved in 40 mM Hepes, pH 7, and then mixed with the GST-fusion proteins (ZnCl 2 working concentration = 15 μM). The mixture was then incubated for 24 h at 4
• C. Afterwards, the beads were then washed twice with PBS to remove residual free ZnCl 2 . The GST-bound proteins were then eluted in (25 mM reduced glutathione, 50 mM Tris, pH 8.8, and 0.2 M NaCl) for 2-4 h at 4
• C (until A 280 0.5, where 1 absorbance unit = 0.5 mg of protein /ml). From each sample, 25 μg of protein was denatured in 4 M guanidine hydrochloride for exactly 3 min to release the bound zinc. PAR (dissolved in water/KOH, pH 8.8) was added to each sample (final concentration 100 μM), with free zinc indicated by the change in absorbance (A 500 ).
RESULTS
The SWIM domain is necessary for MEKK1 to regulate cell viability
The SWIM domain is encoded within the N-terminal half of MEKK1 ( Figure 1A) , proximal to the RING domain. In order to assess the role of the SWIM domain in the regulation of MEKK1-dependent cellular function, we used MEKK1-deficient immortalized mouse embryo fibroblasts as recipients of expression vectors that encode either wild-type MEKK1 or mutant MEKK1 cDNA. We then used these 'add-back' clones that stably expressed different MEKK1 proteins to assess the requirement for distinct MEKK1 domains in cellular function. MEKK1 is a known regulator of apoptosis, thus we examined whether an intact SWIM domain was necessary for MEKK1-dependent regulation of cell viability by comparing the MTT dye conversion of MEKK1-deficient cells to that of the add-back lines. We observed that the add-back cell line expressing wild-type MEKK1 showed a reproducible reduction in MTT dye conversion when compared with MEKK1-deficient cells ( Figure 1B) . Strikingly, this MEKK1-dependent MTT activity was reversed in both of the add-back lines that expressed mutant MEKK1. Cells expressing mutant MEKK1 with a non-functional RING domain (C441A) showed a marked increase in MTT activity, consistent with enhanced cell number. Interestingly, add-back cells expressing MEKK1 with a mutated SWIM domain (SWIM 4-A) also showed enhanced MTT ( Figure 1B ). In this SWIM-4A mutant MEKK1, we had replaced the conserved SWIM domain cysteine and histidine residues with alanine residues, and our results indicated that these conserved amino acids were required for the observed MEKK1-dependent reduction in MTT activity. Interestingly, Trypan Blue dye exclusion was similar between all four lines (results not shown), suggesting that the observed differences in MTT between the lines was due to enhanced cell proliferation in the MEKK1-deficient cells and the cells expressing mutant MEKK1.
Xia et al. [11] reported that MEKK1 is a c-Jun E3 ligase that promotes Jun degradation, and since c-Jun has been extensively linked to cell proliferation, we investigated whether the observed MEKK1-dependent reduction in MTT was associated with a corresponding reduction in c-Jun expression. Given that the E3-ligase-defective MEKK1 mutant markedly enhanced add-back cell viability, we predicted that the C441A add-back cells would display a corresponding increase in c-Jun protein relative to the wild-type MEKK1 add-back cells. Strikingly, we observed that the fibroblasts expressing the C441A RING mutant MEKK1 exhibit c-Jun protein levels that were markedly increased relative to that of cells expressing wild-type MEKK1 (Figure 1C) , confirming the importance of MEKK1 ubiquitin ligase activity in control of Jun protein levels. Interestingly, the add-back line that expressed MEKK1 with a mutated SWIM domain motif likewise exhibited increased c-Jun protein ( Figure 1C) , indicating that the SWIM domain function also regulated Jun protein levels and cell viability.
It has been reported that JNK-dependent phosphorylation targets Jun for ubiquitylation and destruction [9] , and so we asked whether the reduced c-Jun protein levels observed in wild-type add-back cells were associated with increased JNK-dependent c-Jun phosphorylation. We performed immunoblot analysis on the fibroblast lysates with antibodies specific against Jun proteins phosphorylated at Ser 73 , which is an activating phospho-acceptor site targeted by JNK. Phosphorylated c-Jun was only detected in the add-back lines and only upon prolonged exposure ( Figure 1D ), suggesting that the MEKK1 present in cycling add-back cells was sufficient to modestly activate JNK. Importantly, c-Jun phosphorlation at Ser 73 was not associated with reduced Jun expression in the C441A and SWIM-4A add-back cell lines. Overall, our results from the present study support the reported role of MEKK1 in c-Jun protein expression. In addition, our results indicate that the MEKK1 SWIM domain is necessary for the regulation of MEKK1-dependent c-Jun expression, therefore we investigated SWIM domain function in order to elucidate the mechanism by which this occurs.
The SWIM domain is required for MEKK1-dependent Jun ubiquitylation, but not JNK activation As Nishito et al. [23] have shown that the SWIM domain of the RING domain-containing protein MEX/ZSWIM2 regulates MEX ubiquitin ligase activity, we predicted that the MEKK1 SWIM domain would influence MEKK1-dependent c-Jun ubiquitylation. We used a transfection system to determine whether the SWIM domain was required for Jun ubiquitylation and chose HEK-293T cells as a model, as we have found that these cells do not express detectable levels of endogenous MEKK1. When cells transiently expressing FLAG-tagged c-Jun were treated with the proteasome inhibitor MG132, we observed multiple higher molecular mass forms of c-Jun upon immunoblot analysis with anti-FLAG antibodies (Figure 2A) , consistent with the presence of multiple forms of ubiquitylated c-Jun. We consistently observed these larger c-Jun forms in MG132-treated cells, even in the absence of exogenous MEKK1, suggesting that one or more endogenous E3 ligases are expressed in HEK-293T cells at a level sufficient to promote some c-Jun ubiquitylation. However, even in the presence of these endogenous E3 ligases, MEKK1 co-expression markedly enhanced the number and intensity of the c-Jun bands, consistent with MEKK1-dependent c-Jun ubiquitylation and similar to the previously reported findings [11] . To confirm that transfected MEKK1 mediates attachment of endogenous ubiquitin to c-Jun, we immunoprecipitated c-Jun and attempted to detect ubiquitylated c-Jun with anti-ubiquitin antibodies. However, we found none of the anti-ubiquitin antibodies used in these experiments to be suitable for detection of endogenous ubiquitin and thus inadequate to clearly differentiate ubiquitylated c-Jun bands from immunoprecipitated protein. To improve detection of ubiquitylated c-Jun, we included co-transfected HA-tagged ubiquitin in our subsequent Jun ubiquitylation experiments ( Figure 2C) .
We next wanted to determine whether the SWIM domain influenced MEKK1-dependent c-Jun ubiquitylation. In order to examine the requirement for the SWIM domain in Jun ubiquitylation, we produced a mutant MEKK1 expression vector in which we removed the sequence encoding the SWIM domain, thereby resulting in expression of an MEKK1 protein without a SWIM domain (amino acids 298-388) that was dubbed SD (SWIM-delete). To assess the impact of SWIM domain removal on MEKK1 kinase activity, we purified His-tagged SD MEKK1 from transfected cells with nickel-charged affinity resin and assayed MEKK1 activity. SD MEKK1 clearly retained the capability to phosphorylate its substrate protein MKK4 in vitro at a level similar to that of wild-type MEKK1 ( Figure 2B ), and thus we concluded that SD MEKK1 was catalytically intact, and that the SWIM domain was not required for MEKK1-dependent MKK4 phosphorylation. We then co-expressed wildtype MEKK1 or SD MEKK1 with HA-tagged ubiquitin and FLAG-tagged c-Jun to determine whether the SD MEKK1 was capable of ubiquitylating c-Jun. Consistent with our in vitro kinase assay results, we observed that expression of transfected SD MEKK1 induced activation of JNK pathway signalling, resulting in JNK phosphorylation ( Figure 2C ) similar to that associated with expression of wild-type MEKK1. Furthermore, anti-HA antibody immunoblots of immunoprecipitated FLAGc-Jun revealed that c-Jun co-expressed with wild-type MEKK1 was strongly ubiquitylated ( Figure 2C, top panel) . In striking contrast, we observed a dramatic reduction in c-Jun ubiquitylation when c-Jun was co-expressed with the SD mutant MEKK1 ( Figure 2C ), indicating that SD MEKK1 is less effective than wild-type MEKK1 at inducing c-Jun ubiquitylation. It is important to note that, although these experiments with transfected HAubiquitin did not include MG132 that would inhibit proteasomal degradation of c-Jun, we did not observe a loss of transiently expressed c-Jun protein in HEK-293T cells that mirrored our data with endogenous c-Jun stably transfected fibroblasts ( Figure 1C) . One possible explanation for this observation is that the transiently expressed c-Jun is produced at higher levels than in the fibroblasts which more than compensates for c-Jun protein lost to proteasomal degradation, thereby masking ubiquitin-mediated c-Jun destruction. Alternatively, high expression of exogenous ubiquitin may alter the kinetics of proteasome-mediated protein removal. Regardless, our results from the present study confirm that wild-type MEKK1 promotes c-Jun ubiquitylation and strongly suggest that the SWIM domain is necessary for efficient ubiquitylation of c-Jun by MEKK1.
c-Jun is a transcription factor that binds DNA and thus is localized in the nucleus. As MEKK1 is a large kinase with established cytoplasmic functions, we asked whether MEKK1 could localize to the nucleus in HEK-293T cells. We observed that a GFP-tagged MEKK1 protein localized to the cell nucleus in transfected cells, thereby colocalizing with nuclear c-Jun (Supplementary Figure S1A at http://www.BiochemJ. org/bj/445/bj4450431add.htm). To determine whether mutant MEKK1 could likewise localize to the cell nucleus, we again expressed SD MEKK1 and the RING domain mutant MEKK1 C441A in cells and performed cell fractionation to examine the distribution of MEKK1 proteins to the cytoplasmic and nuclear compartments. Our analysis confirmed that all MEKK1 proteins tested were distributed similarly to both the cytoplasm and the nucleus (Supplementary Figure S1B) . Taken together, our results strongly suggest that loss of MEKK1-dependent c-Jun ubiquitylation associated with SD MEKK1 expression was due to ineffective c-Jun ubuiquitylation and not caused by reduced kinase activity or altered localization of mutant MEKK1 proteins.
MEKK1 SWIM directly associates with Jun
To determine how the MEKK1 SWIM domain regulates c-Jun ubiquitylation, we asked whether c-Jun physically associated with the SWIM domain. We developed and purified GST fusion proteins containing either SWIM or RING domains, and then mixed these recominant proteins with FLAG epitope-tagged c-Jun from transfected cell lysates, separated the associated proteins by SDS/PAGE and performed immunoblot analysis to detect c-Jun association. We found that the SWIM domain alone was sufficient to pull down c-Jun, whereas RING did not detectably associate with c-Jun ( Figure 3A) .
The MEKK1 SWIM domain includes a conserved CXCX n CXH motif that was identified by alignment with other SWIM domaincontaining proteins ( Figure 1A ) [18] . This SWIM motif is similar to the signature motif found in C3H zinc-finger proteins (CX 8 CX 5 CX 3 H) [24, 25] , and as zinc fingers frequently mediate protein-protein interaction, we asked whether the MEKK1 SWIM was a zinc-binding domain. Utilizing a colorimetric assay to detect free zinc eluted from purified proteins, we determined the relative zinc-chelating activity of the SWIM and RING domains (Supplementary Figure S2 at http://www. BiochemJ.org/bj/445/bj4450431add.htm) and discovered that the SWIM zinc-binding activity is similar to that of the RING domain. Importantly, the capacity of SWIM to bind zinc was abolished when the SWIM motif amino acids were mutated to alanines (CCCHA), indicating that these conserved residues are required by the SWIM domain to chelate zinc from solution. We next wanted to determine whether the MEKK1 SWIM domain could directly bind c-Jun, and so we utilized an in vitro binding approach in which the purified recombinant GST-linked SWIM domain was combined with purified recombinant c-Jun, and then associated c-Jun was detected by immunoblot ( Figure 3B ). We observed that purified c-Jun was pulled down by GST-SWIM but not GST alone, clearly indicating that the MEKK1 SWIM could bind directly to c-Jun.
As with the MEKK1 SWIM domain, the binding specificities of the SWIM domains encoded within other proteins have not yet been defined. To determine whether the SWIM domains of other proteins function as c-Jun-binding domains, we purified GST-linked recombinant SWIM domains from human proteins ZSWIM1 and MEX/ZSWIM2, and then combined these domains with recombinant c-Jun. In contrast with the MEKK1 SWIM domain, the SWIM domains of ZSWIM1 and MEX/ZSWIM2 failed to associate with c-Jun in vitro ( Figure 3C ), indicating that the ZSWIM domains did not directly bind c-Jun, and suggesting that these ZSWIM peptides were not c-Jun-binding domains.
Finally, to assess whether the MEKK1 SWIM domain can form a complex with c-Jun in cells, we immunoprecipitated MEKK1 from transfected cell lysates and determined whether c-Jun was co-immunoprecipitated with MEKK1. We found that c-Jun did indeed co-immunoprecipitate with full-length MEKK1 ( Figure 3D ). We then compared the c-Jun-binding capacity of wild-type MEKK1 to that of the MEKK1 mutant SWIM-4A to determine whether the SWIM domain was required for c-Jun complex formation with full-length protein. Consistent with our findings with the GST system, c-Jun co-immunoprecipitated with the wild-type full-length MEKK1, but failed to associate with the SWIM-4A mutant MEKK1 ( Figure 3D ), indicating that the conserved SWIM motif residues are required for MEKK1 association with c-Jun. Taken together, our results from the present study indicate that the MEKK1 SWIM domain is a c-Jun-binding domain that is necessary for efficient MEKK1-dependent c-Jun ubiquitylation. Our results also suggest that forming a complex with c-Jun is not a general function of SWIM domain-containing proteins, but rather that the physical association with c-Jun is specific to the MEKK1 SWIM domain.
MEKK1 SWIM domain specifically associates with the c-Jun DBD
To identify the region of c-Jun required for direct interaction with the MEKK1 SWIM domain, we developed a series of FLAG epitope-tagged c-Jun C-terminal truncation mutants ( Figure 4A ) and assessed the ability of each mutant c-Jun protein to associate with the recombinant SWIM domain. Immunoblot analysis of GST pull-downs of transfected cell lysates clearly indicated that the c-Jun C-terminus and leucine zipper regions were dispensable for association with the MEKK1 SWIM domain ( Figure 4B ). As the leucine zipper region of Jun proteins is necessary for dimer formation [26, 27] , these results lead us to conclude that the MEKK1 SWIM domain can bind c-Jun monomers and that AP-1 dimerization is not required for MEKK1-c-Jun complex formation. However, elimination of the c-Jun DBD (amino acids 255-276) completely blocked the association between c-Jun and SWIM ( Figure 4B ), indicating that the c-Jun DBD is required for association of c-Jun with the MEKK1 SWIM domain.
Since the DBD of Jun and Fos family proteins are highly similar [26, 27] (Figure 5B ), we asked whether the MEKK1 SWIM domain could also associate with Fos proteins. We used GST-SWIM fusion proteins to pull down FLAG-tagged Jun and Fos family proteins from transfected cell lysates and then assessed complex formation by immunoblot analysis. Surprisingly, we discovered that the recombinant SWIM domain was capable of binding c-Jun, JunB and JunD proteins, but did not associate with either Fos or Fra2 proteins ( Figure 5A ). We were able to detect the Fos proteins only upon prolonged exposure of the SWIM pull-down immunoblots (results not shown), suggesting that Fos protein association with SWIM domain is indirect and mediated only through association with endogenous Jun. To understand why Fos proteins failed to associate with the MEKK1 SWIM domain, we compared the amino acid sequence of the DBD of Jun and Fos proteins, and found that, although ten amino acid residues are completely conserved in both Jun and Fos proteins, the non-conserved amino acids were distinctive between the two protein families. For example, a basic arginine residue is encoded in c-Jun at position 260, and this is conserved in all Jun proteins at that position, but the corresponding residue in Fos proteins is a hydrophobic isoleucine residue ( Figure 5B ). This observation suggested to us that one or more of the amino acid residues found in Jun, but not Fos, proteins are required for SWIM complex formation. To identify the required Jun DBD residues, we replaced Jun amino acids with the analogous amino acids present in Fos proteins and asked whether the mutant Jun proteins retained the capacity to associate with the MEKK1 SWIM domain. Our immmunoblot analysis revealed that replacement of Arg 260 in the Jun DBD with an isoleucine blocked association with the SWIM domain ( Figures 5C and 5D) . Replacement of Ser 270 in Jun proteins with the analogous Fos alanine residue also inhibited association with SWIM to a lesser degree, but replacing Jun Ala 258 and Met 263 with charged amino acids found in Fos proteins did not inhibit association with SWIM. These results indicate that c-Jun association with the MEKK1 SWIM domain is mediated by interactions between the SWIM domain and an amino acid that is conserved in the Jun DBD, but not the Fos DBD.
DISCUSSION
In the present study, we define the SWIM domain as a novel substrate-binding domain for MEKK1 ubiquitin ligase activity that specifically binds to c-Jun to promote c-Jun ubiquitylation. As a consequence of these studies, we have further delineated the regulatory mechanisms that control AP-1 activity. Furthermore, the present study is the first to define a specific function for a SWIM domain, and elucidates the mechanism by which MEKK1 captures a ubiquitylation substrate protein. Identifying proteins targeted by MEKK1 or other E3 ligases has proven to be challenging, owing to the limited current understanding of the mechanisms that determine RING E3 ligase substrate specificity. Although MEKK1 has been reported to ubiquitylate c-Jun and ERK1 [11, 28] , the mechanisms that control complex formation between these proteins and MEKK1 were not addressed. Our results indicate that the association between MEKK1 and cJun necessary for MEKK1-dependent c-Jun ubiquitylation is mediated by the SWIM domain and is independent of the RING domain. We further conclude that the SWIM domain functions as an ubiquitin ligase substrate receptor module similar to the substrate receptor proteins that interact with cullin proteins to form CRL ubiquitylation complexes. CRLs utilize a modular system wherein substrate specificity is determined by a protein linked to the RING domain-containing protein via a cullin protein scaffold. This analogy is imperfect, however, as the CRLs may complex with multiple substrate receptor components with differing substrate specificities, whereas our model of SWIM domain-dependent ubiquitylation limits MEKK1 to a single substrate receptor that specifically binds Jun proteins. The possibility that other SWIM domain-containing proteins function as independent E3 substrate-binding subunits is an intriguing one that will require further investigation to establish. We did not observe MEKK1 to associate with other SWIM domaincontaining proteins.
To determine whether Jun complex formation is a general characteristic of SWIM domains, we examined the Jun-binding capacity of SWIM domains from two other proteins that are structurally and functionally distinct from MEKK1. In contrast with the SWIM domains of ZSWIM1 and MEX/ZSWIM2, we found that the MEKK1 SWIM domain alone bound c-Jun. We did not identify the specificity determinants that distinguished the MEKK1 SWIM domain from similar domains in ZSWIM1 and MEX/ZSWIM2 as part of the present study. However, a comparison of the primary sequence of the SWIM domains within the three proteins reveals that, apart from the conserved cysteine and histidine motif residues, the sequences are heterogeneous (Supplementary Figure S3 at http://www.BiochemJ. org/bj/445/bj4450431add.htm; UniProt accession numbers for ZSWIM1, ZSWIM2 and MEKK1 are Q9CWV7, Q0VB10 and F8VQ72 respectively), which suggests that the SWIM domain binding specificity is determined by interactions unique to a given sequence. In addition, the spacing of the cysteine residues within the ZSWIM proteins is distinct from that of MEKK1, and thus we cannot rule out the possibility that the separation of the cysteine residues within the SWIM motif may influence binding specificity.
In our previous MEKK1 localization studies [29] , we observed that a subset of MEKK1 is co-localized with actin stress fibres in the cytoplasm, and we demonstrated that cytoskeletal MEKK1 regulates cell adhesion. The results of the present study reveal that MEKK1 localizes to more than one cellular compartment to regulate distinct functions. We would postulate that signalling events that promote MEKK1 nuclear localization reduce c-Jun protein stability, whereas factors that retain MEKK1 in the cytoplasm would enhance c-Jun stability. The mechanism by which MEKK1 moves to the nucleus is not clear at this time. MEKK1 does not contain a consensus NLS (nuclear localization sequence), thus either MEKK1 contains a non-consensus NLS, or it associates with other proteins that can transport MEKK1 into the nucleus. Candidate proteins for this 'MEKK1 carrier' protein would include signalling effectors that are induced to move from the cytoplasm to the nucleus in response to an environmental stimulus. Interestingly, Stat family transcription factors fit this general description, and MEKK1 has been reported to associate with Stat3 in response to EGF (epidermal growth factor) [30, 31] . Our future studies we will be designed to define the mechanism by which MEKK1 localizes to the nucleus.
In summary, the present study shows that the specific and direct association between Jun and the MEKK1 SWIM domain produces a novel regulatory protein complex that modulates c-Jun availability by SWIM domain-dependent c-Jun ubiquitylation. We define for the first time a function for a SWIM domain, and identify the Jun components necessary for interaction with MEKK1. Finally, we propose a model in which the MEKK1 SWIM domain functions as a E3 ligase substrate-binding domain analogous to substrate receptors of the CRL ubiquitylation complexes.
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